The maintenance of phospholipid asymmetry in membrane bilayers is a paradigm in cell biology. However, the mechanisms and proteins involved in phospholipid translocation are still poorly understood. Members of the type 4 subfamily of P-type ATPases have been implicated in the translocation of phospholipids from the outer to the inner leaflet of membrane bilayers. In humans, several inherited disorders have been identified which are associated with loci harboring type 4 P-type ATPase genes. Up to now, one inherited disorder, Byler disease or progressive familial intrahepatic cholestasis type 1 (PFIC1), has been directly linked to mutations in a type 4 P-type ATPase gene. How the absence of an aminophospholipid translocase activity relates to this severe disease is, however, still unclear. Studies in the yeast Saccharomyces cerevisiae have recently identified important roles for type 4 P-type ATPases in intracellular membrane-and proteintrafficking events. These processes require an (amino)phospholipid translocase activity to initiate budding or fusion of membrane vesicles from or with other membranes. The studies in yeast have greatly contributed to our cell biological insight in membrane dynamics and intracellular-trafficking events; if this knowledge can be translated to mammalian cells and organs, it will help to elucidate the molecular mechanisms which underlie severe inherited human diseases such as Byler disease. D
The P-type ATPase superfamily
The P-type ATPase superfamily is an evolutionary conserved, large family of proteins of which members are widely expressed in both prokaryotes and eukaryotes, including bacteria, yeast, parasites, nematodes, insects, plants, and animals [1] [2] [3] [4] [5] (See also the on-line FP-type ATPase database_ by Axelsen, K.B., http://www.patbase. kvl.dk). P-type ATPases are integral membrane proteins which, in most cases, mediate the ATP-dependent transport of small cations across biological membranes, including those of intracellular organelles [5, 6] . The first P-type ATPase activity (Na + /K + -ATPase) was discovered in 1957 by Jens C. Skou who was awarded the Nobel Prize in Chemistry in 1997 for his work on the abundant Na + /K + -ATPase [7, 8] . Following this finding, a whole range of different P-type ATPases have been identified with varying protein topologies and substrate specificities. In general, Ptype ATPases are important in the generation of cation gradients which make these proteins indispensable in the regulation of cell volume, excitability of nerve cells, muscle contraction, intracellular pH, acid secretion in the stomach, uptake of substrates, and signaling pathways.
Based on phylogenetic analysis, this large family is divided into 5 major subfamilies, each unique in their class of substrates and in subfamily-specific sequence motifs [1] [2] [3] . In general, the type 1 ATPases transport heavy metals such as copper, cadmium, and zinc. The type 2 subfamily transports non-heavy metal cations and includes proteins like the Na + /K + -, H + /K + -, and Ca 2+ -ATPases. The type 3 0925 family includes ATPases only expressed in plants and fungi which are involved in the transport of magnesium-and proton-ions. Type 4 subfamily members are exclusively expressed in eukaryotic cells and transport phospholipids (see below) [9 -12] . Finally, of the recently identified type 5 subfamily (exclusively expressed in eukaryotic cells), only one member has been identified yet which is implicated in cellular calcium homeostasis and endoplasmic reticulum function in yeast [13] [14] [15] . All P-type ATPases share a common topology; usually 10 transmembrane domains, NH 2 -and COOH-termini protruding into the cytoplasm, and a large intracellular loop harboring P-type ATPase-specific sequences and an ATP-binding site. The core of all P-type ATPases contains a conserved stretch of seven amino acids with the P-type signature sequence FDKTGT[L,I,V,M][T,I,S]_. This motif includes an aspartic acid residue (FD_) which is essential in the reaction cycle of the protein. The mechanism via which substrates are pumped is based on the E1E2 model, in which ATPmediated phosphorylation, substrate binding, and subsequent dephosphorylation of the invariant aspartic acid are coupled to a conformational change of the transporter [6, 16] . The phosphotransfer reaction drives the transport cycle of these proteins, hence the name P-type ATPase. Although phosphotransfer remains the driving force for these transporters, the E1E2 model is outdated, and recently, a revised model has been proposed [17, 18] . Briefly, in the E1E2 model, only two conformational states of the protein are recognized; the revised model, however, recognizes at least four conformational changes, all of which are supported by a large body of biochemical and structural data (reviewed in [17, 18] ). Type 4 P-type ATPases are clearly deviant from the other subfamilies in that they are thought to translocate phospholipids (rather than cations) from the outer-and inner leaflet of membrane bilayers [9, 11, [19] [20] [21] [22] [23] . Studies in yeast have recently demonstrated an association between type 4 ATPase-mediated phospholipid translocase activity and vesicular (protein) trafficking [11, 20, 24, 25] . Furthermore, members of this subfamily have been implicated in human disease. The molecular mechanisms underlying these disease phenotypes are, however, still unclear. The scope of this review is to highlight the role of type 4 P-type ATPases in human disease and to relate this to recent findings in yeast in which an important function for type 4 ATPases in intracellular trafficking has been demonstrated.
Aminophospholipid translocases and membrane asymmetry
Biological membranes are bilayers which are composed of a broad range of glycerolipid and sphingolipid species. These lipid species are asymmetrically distributed between the inner and the outer leaflet of the bilayer [26 -28] . Phospholipids tend to equilibrate between the two leaflets of bilayers, albeit at a slow rate (the order of magnitude of the movement across the bilayer tends to be hours in artificial membranes (reviewed in [29] )). In living cells, this process is accelerated by fusion and pinching of vesicles to and from membranes. The asymmetry therefore needs to be actively maintained. Three classes of proteins are involved in regulating phospholipid distribution in membrane bilayers, i.e., floppases, flippases, and scramblases [19, 20, 25, [30] [31] [32] [33] [34] [35] . Phospholipid asymmetry is maintained by floppases and flippases, ATP-dependent proteins that translocate specific phospholipid species from the inner to the outer leaflet of the bilayer and vice versa, respectively. Scramblases are bidirectional activities with little specificity that, upon activation, dissipate phospholipid asymmetry. Scramblase activities have been identified in plasma membranes and in membranes of the endoplasmic reticulum and the Golgi apparatus [22,34,36 -39] . In many cells, these activities are dependent on elevation of cytosolic calcium concentrations, e.g., in cells involved in blood coagulation [34] . However, in apoptotic cells, it seems that another mechanism (rather than calcium) is involved in activation of the scramblase [40] .
In most eukaryotic cells, phosphatidylcholine (PC) and sphingolipids (i.e., glycolipids and sphingomyelin (SM)) are abundant in the outer leaflet of the plasma membrane and in the luminal leaflet of endo-and exocytic vesicles. Proteins of the ATP-binding cassette (ABC) transporter superfamily have been implicated in the outward transport, i.e., Fflopping_ of choline-containing phospholipids [41] . Mice in which the gene encoding the liver-specific Mdr2 protein (Abcb4) has been knocked out do not secrete PC into the canalicular lumen [42] . The human ortholog, MDR3 (ABCB4) protein, likewise specifically translocates PC (as well as its fluorescent analogs) from the inner to the outer leaflet of the bilayer when expressed in mouse fibroblasts or pig epithelial (LLC-PK1) cells [42 -44] . MDR1 (ABCB1) protein, a broad-range xenobiotic transporter, also translocates choline-containing lipids, including short-chain analogs of PC, glucosylceramide, and plateletactivating factor [44, 45] . In addition, MRP1 (ABCC1) protein has been implicated in the outward transport of fluorescent analogs of phosphatidylserine (PS) and SM [46, 47] .
The aminophospholipids PS and phosphatidylethanolamine (PE) localize to the cytosolic leaflet of bilayers and their distribution is maintained by flippases or aminophospholipid translocases (APLT) in a process termed Fflipping_. Obviously, maintenance of phospholipid asymmetry must be a physiologically important process as the cell invests energy to specifically distribute these distinct phospholipid species. Indeed, disturbance of membrane phospholipid asymmetry, i.e., exposure of PS and/or PE to the outer leaflet of the bilayer (scrambling) is associated with many physiological and pathological events. Phos-pholipid scrambling interferes with lipid -protein and protein -protein interactions which affect protein function involved in signal transduction pathways, cellular morphology, and activity of membrane receptors and transport proteins (reviewed in [32, 48] ). Furthermore, PS and/or PE exposure on the outer leaflet is essential for platelet activation, triggers the apoptotic pathway, and is required for membrane fusion events, including endo-, exo-, and phagocytosis [22,48 -52] . Thus, maintenance of phospholipid asymmetry by aminophospholipid translocases is a fundamental process which is of vital importance for normal cell function.
The first aminophospholipid translocase activity was described in 1984 in erythrocyte membranes by Seigneuret and Deveaux [53] . In 1989, Zachowski et al. [12] identified an ATP-dependent translocase activity in chromaffin granules from bovine adrenal glands; spin-labeled phospholipid analogs of PS were specifically translocated from the luminal to the cytoplasmic leaflet of these organelle membranes. The authors hypothesized that an aminophospholipid translocase activity in these Golgi-derived vesicles was necessary to generate fusion-competent, exocytic, vesicles. A few years later, Auland et al. [9] purified and reconstituted a 110-kDa, Mg 2+ -dependent, ATPase from human erythrocyte membranes; they demonstrated a 110-kDa-mediated transport activity similar to the activity in chromaffin granules, i.e., translocation specific for spinlabeled PS and, to a lesser extent, PE.
In 1996, the gene encoding the chromaffin granular aminophospholipid translocase activity, ATPase II (currently known as ATP8A1), was cloned from a bovine adrenal medulla and thymus cDNA library [11] . In the same study, Drs2p, the closest yeast Saccharomyces cerevisiae homolog of this protein, was characterized as a plasma membrane aminophospholipid translocase activity; using Drs2 mutant yeast cells, it was demonstrated that Drs2p was involved in the inward translocation of a fluorescently (NBD)-labeled PS analog (NBD-PS) across the plasma membrane. Although the Drs2p-mediated plasma membrane NBD-PS translocation activity is controversial (see below and [54 -56] ), both ATPase II and Drs2p were the first members of a novel subfamily of the P-type ATPase superfamily, the type 4 subfamily [1, 2, 19, 21, 22, 57] . Thus far, aminophospholipid translocase activities have been demonstrated in many mammalian cell types and subcellular membranes [19] . Since ATPase II is a chromaffin granular protein and is not expressed in every tissue, it is tempting to speculate that other P-type ATPases of the type 4 subfamily account for similar activities in other tissues and/or subcellular locations, including the plasma membrane [21, 58] .
The mammalian type 4 subfamily of P-type ATPases
The type 4 subfamily constitutes a relative new branch on the phylogenetic tree of P-type ATPases and, as discussed above, members are putative aminophospholipid translocases. The idea that mammalian members of this subfamily have a role in the translocation of (amino)phospholipids is mainly based on the characterization of their yeast homologs (see below). Database searches and phylogenetic analyses have identified 14 mammalian type 4 P-type ATPases [1, 21, 22] (see Table 1 and Fig. 1 ). Type 4 ATPases share several specific amino acid stretches and differ from most other P-type ATPases in their substrate binding domain, which is usually formed by one or more of the ten transmembrane helices [1, 4, 6] . In transmembrane domains 4 and 6, several metal ion-interacting amino acids (present in most cation-transporting P-type ATPases from other subfamilies) are replaced by hydrophobic amino acids which may interact with hydrophobic moieties of amphipathic substrates, including phospholipids [1, 4, 6, 11] . The type 4 subfamily is divided into 4 classes, 1, 2, 5, and 6 of which members show high sequence similarities, ranging from 23 to 37% sequence identity between proteins of the 4 classes and 43-74% sequence identity between proteins within classes. Class 1 members are subdivided into subclasses 1-A (ATP8A1 (ATPase II) and ATP8A2) and 1-A (ATP8B1 and its close homologs ATP8B2, ATP8B3, and ATP8B4) [21, 22, 59] ; ATP9A and ATP9B are class 2 proteins; class 5 proteins are ATP10B, -C, and -D; ATP11A, -B, and -C are class 6 proteins (see Table 1 and Fig. 1 ). The distinction into classes is based on sequence identity rather than on biochemical activities or substrate specificities. Indeed, the biochemical activity and substrate specificity of most of these mammalian proteins remain to be elucidated. Ding et al. [60] were the first to demonstrate a convincing correlation between biochemical activity and substrate specificity of mammalian ATPase II (ATP8A1). After purification of 4 bovine ATPase II isoforms and subsequent reconstitution into a defined lipid environment, the authors demonstrated an aminophospholipid (PS and PE)specific activation of the ATPase activity of these proteins; these data strongly suggest that ATP8A1 indeed is an aminophospholipid translocase [12, 60] . Many of the type 4 ATPase genes encode different splice variants and are ubiquitously expressed, with almost every protein in the brain (see Table 1 ). The only exception is ATP8B3 which is specifically expressed in the testis [59] . Recently, Wang et al. [61] have shown that the mouse ortholog of ATP8B3 is exclusively expressed in the acrosomal region of the head of spermatozoa; Atp8b3 has been implicated in the capacitation process, an event in which sperm cells are being prepared for binding to and penetration of the zona pellucida. Since binding to the zona pellucida requires a scrambling-induced destabilization of the sperm plasma membrane, the authors have suggested a role for Atp8b3 in the sperm-specific translocation of aminophospholipids [61] . All 14 human ATPases have orthologs in the mouse, which gives an excellent opportunity to study the physiological relevance and putative disease-causing mutations of these proteins in vivo (see Table 1 ) [21, 22] .
P-type ATPases and human disease
Up to now, several human inherited diseases have been described which are caused by mutations in genes encoding P-type ATPases. The most extensively studied disorders are caused by mutations in genes encoding ATPases from the type 1 and 2 subfamilies, including copper-, calcium-, and Na + /K + -ATPases. For the type 4 subfamily, encoding the putative phospholipid translocases, a few inherited disorders have been mapped to loci harboring type 4 ATPase genes. Up to now, only one inherited disorder, Byler disease or progressive familial intrahepatic cholestasis type 1 (PFIC1) has been directly linked to mutations in a type 4 P-type ATPase gene. How absence of a putative aminophospholipid translocase activity relates to this severe disease is, however, still unclear. The etiology of PFIC1 disease and the relation of the phenotype with a putative aminophospholipid translocase activity will be addressed below. Inherited disorders associated with the type 5 subfamily remain to be identified. Thus, defective P-type ATPase activities underlie severe genetic disorders which underscores their importance in basic cellular processes and maintenance of cellular homeostasis.
Type 1 and 2 subfamily inherited disorders
The best characterized diseases caused by defective type 1 P-type ATPases include Menkes disease, an X-linked recessive disorder, and Wilson disease, an autosomal recessive disorder (reviewed in [62] ). These disorders are caused by mutations in the ATP7A and ATP7B gene, respectively, and result from systemic copper deficiency (due to a defect in intestinal copper absorption) and copper accumulation (predominantly in the liver due to impaired hepatobiliary excretion), respectively [63 -68] . Brody disease, an autosomal recessive myopathy, is caused by mutations in the ATP2A1 gene encoding the fast-twitch skeletal muscle sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1), and results in impaired muscle relaxation [69] . Darier -White disease is an autosomal dominant skin disease caused by mutations in ATP2A2 which encodes a Ca 2+ -ATPase highly expressed in the endoplasmic reticulum of keratinocytes (SERCA2) [70] . Both SERCA1 and 2 mediate the transport of Ca 2+ from the cytosol to the lumen of the sarco-/endoplasmic reticulum which is important in the regulation of contraction-relaxation and of epidermal growth and differentiation, respectively [69 -71] . Hailey -Hailey disease is an autosomal dominant defect in keratinocyte adhesion caused by mutations in another endoplasmic reticulum Ca 2+ -ATPase gene, ATP2C1 [72] . Mutations in the gamma-subunit of the Na + /K + -ATPase, FXYD2, results in a renal hypomagnesia due to Gene and protein names are indicated (amino acid number of each protein is depicted in between brackets). Mouse accession numbers are enclosed in pharentheses and in italic. For mouse tissue distribution and chromosomal localization, see also references [21, 22, 57] .
misrouting of the protein, and as a consequence, a renal magnesium loss [73] . The molecular mechanisms underlying above-mentioned P-type ATPase-associated diseases have been largely elucidated.
Type 4 subfamily inherited disorders
Thus far, only a few diseases have been described which are associated with loci harboring type 4 P-type ATPase genes. The ATP8A2 gene locus was reported to be frequently deleted in tumorigenic malignancies, however, thus far, no relation between defective phospholipid translocase activity and tumorigenesis has been demonstrated [74] . Angelman or Fhappy puppet_ syndrome is a neurological disorder characterized by frequent smiling, bursts of laughter, mental retardation, hyperactivity, and epilepsy, and is a disorder in which genetic imprinting plays a role (reviewed in [75, 76] ); this syndrome has been associated with mutations or deletions in a maternally-derived, chromosomal region which includes the ATP10A (formerly known as ATP10C) and UBE3A genes [77, 78] . UBE3A encodes the ubiquitin-protein ligase E3A, an enzyme involved in the ubiquitination of proteins. It is highly likely, however, that the syndrome relates to the UBE3A gene rather than to the ATP10A gene; transgenic mice in which the maternal Ube3aA gene was knocked out, phenotypically resembled the human patients [79] . Mice heterozygous for maternally-inherited deletions of Atp10a (or pfatp (p-locus fat-associated ATPase)), on the other hand, displayed increased body fat content when compared to heterozygous mice which inherited the paternal Atp10a [80 -82] ; thus, the mouse ortholog of ATP10A, Atp10a, is implicated in lipid metabolism, obesity, type 2 diabetes, and non-alcoholic fatty liver disease rather than in neurological aberrations. Similarly, Atp10d, which belongs to the same class as Atp10a (see Table 1 and Fig. 1 ), has also been implicated in lipid metabolism [83] ; of 15 inbred mouse strains, only the C57BL/6J strain contained a premature stop codon in the Atp10d gene, resulting in a non-functional protein. Interestingly, C57BL/6J mice are predisposed to develop obesity, hyperglycemia, hyperinsulinemia, and hypertension when fed a high-fat diet (this unlike controls i.e., A/J mice) [84, 85] . Although for both Atp10d and Atp10a, the data are circumstantial, it is tempting to speculate that these P-type ATPases fulfill important activities in the regulation of lipid metabolism. Recently, ATP11C has been mapped to a chromosomal region, Xq27, associated with X-linked inherited disorders, including hypoparathyroidism, albinismdeafness, and thoracoabdominal syndrome [86] . If and how this ATPase contributes to these disease phenotypes remains to be demonstrated.
Thus far, only one human disease has been directly correlated with mutations in a gene encoding a type 4 P-type ATPase. Mutations in the ATP8B1 (or FIC1) gene are the cause of Byler disease or progressive familial intrahepatic cholestasis type 1 (PFIC1), a disease which will be discussed below [87] .
Byler disease or progressive familial intrahepatic cholestasis type I (PFIC1)
Byler disease or PFIC1 is a rare autosomal recessive disorder, first described in the Amish kindred in 1969 by Clayton et al. [88] . The disease primarily manifests as a chronic intrahepatic cholestasis which progresses to severe, end-stage liver disease before adolescence [88 -92] . A less severe clinical phenotype associated with mutations in ATP8B1 is benign recurrent intrahepatic cholestasis (BRIC) [93] . In BRIC disease, the cholestatic periods are recurrent and resolve spontaneously, without leaving any detectable liver damage. Recently, an inventory of mutations in the ATP8B1 gene has been described which relates the type and location of the mutation to the clinical manifestation of PFIC1/BRIC disease [94] . Biochemically, PFIC1/BRIC patients are characterized by impaired hepatobiliary bile salt secretion, elevated serum bile salts, bilirubin (jaundice), liver damage enzymes including alkaline phosphatase and normal serum cholesterol. While in most cholestatic disorders serum gamma-glutamyltranspeptidase activity is (in italic)) in a dendrogram. The dendrogram was generated using ClustalW analyses. For clarity, the protein names as depicted in Table 1 have been omitted from the dendrogram and are replaced by the nomenclature used for the genes. Classes for the human type 4 ATPases are depicted. Protein accession numbers for the human proteins are from Table 1 . Database accession numbers for the other proteins: ATP8A1, Na+/K+-ATPase alpha-1 chain (P05023), Dnf1p (P32660), Dnf2p (Q12675), Dnf3p (Q12674), Drs2p (P39524), Neo1p (NP _ 012216).
high, this activity is only marginally increased in PFIC1/ BRIC patients. Liver morphology is characterized by bile plugs, central vein sclerosis and portal tract expansion, inflammation, and fibrosis [91,95 -98] . Furthermore, giant cell transformation and hepatocyte ballooning are prominent. Ultrastructural abnormalities include loss of microvilli, dilated canaliculi, and proliferation of pericanalicular microfilaments. The most pronounced ultrastructural abnormality is the structure of the bile of PFIC1/BRIC patients, termed FByler bile_ which has a coarsely granular appearance (in contrast to normal bile which has an amorphous structure) [91,95 -98] . Apart from a hepatic phenotype, also extrahepatic abnormalities have been described, including watery diarrhea, pancreatitis, and in some cases, hearing loss and elevated sweat chloride concentrations [91, 99] . Many PFIC1 patients need to undergo orthotopic liver transplantation before adolescence. Although liver transplantation relieves the cholestasis and jaundice, the diarrhea and elevated sweat chloride concentrations remain; furthermore, after liver transplantation, patients develop hepatic steatosis [91, 100] . These post-transplantation phenotypes implicate an important contribution of intestinal ATP8B1 protein in the etiology of PFIC1 disease. Indeed, ATP8B1 protein is expressed in many tissues including liver, pancreas, small intestine, urinary bladder, stomach, and prostate [87] . In these tissues, ATP8B1 localizes to the apical membrane of epithelial cells, including hepatocytes, cholangiocytes, enterocytes, gastric pit cells, and acinar cells of the pancreas [101 -103] .
At this moment, it is still not clear how absence of the ATP8B1 protein relates to the cholestatic phenotype observed in PFIC1/BRIC disease. Obviously, absence of ATP8B1 has a major impact on bile salt homeostasis, and predominantly on the hepatobiliary excretion of bile salts. Apart from increased systemic bile salt levels and impaired hepatobiliary bile salt excretion, analyses of PFIC1 bile have indicated that the ratio of the primary bile salts has changed: substantially reduced levels of chenodeoxycholic acid and increased concentrations of cholic acid have been reported [91, 96, 98, 104, 105] . This led to the hypothesis that ATP8B1 is involved in the hepatobiliary transport of bile salts, specifically chenodeoxycholic acid [104] . However, interruption of the enterohepatic circulation of bile salts in PFIC1 patients resulted in a remarkable normalization of serum bile salts with restored hepatobiliary output of chenodeoxycholic acid [98,106 -108] . This indicates that the bile salt transport defect in PFIC1 disease is not a direct consequence of impaired ATP8B1 function. Rather, absence of ATP8B1 may indirectly affect the activity of the major bile salt transporter in the canalicular membrane of the hepatocyte, the bile salt export pump (BSEP/ABCB11).
Farnesoid X receptor (FXR) is a nuclear receptor for bile salts, and the key transcriptional regulator for genes involved in the synthesis, conjugation, and transport of bile salts, both in liver and intestine [109, 110] (reviewed in [111] ). FXR regulates the expression of BSEP and the intestinal apical sodium-dependent bile salt transporter, ASBT/SLC10A2, a protein involved in the intestinal absorption of bile salts [112 -115] ; in response to elevated bile salt levels, FXR is activated which subsequently induces BSEP expression in the liver and represses ASBT expression in the intestine. Recently, two groups reported on a down-regulation of FXR mRNA levels and subsequent down-and up-regulation of BSEP and ASBT mRNA, respectively, in PFIC1 patients [116, 117] . Both groups suggested that impaired ATP8B1 function resulted in reduced FXR expression and subsequent impairment of hepatobiliary and intestinal bile salt transport, which is causative for the cholestatic phenotype. However, studies in patients with impaired BSEP function, which like PFIC1 patients have elevated serum bile salt levels, also have reduced FXR expression levels implicating that the drop in FXR levels is secondary to the cholestasis [118] . In addition, studies in the mouse model for Byler disease, the Atp8b1 G308V/G308V mutant mouse, which also has elevated serum bile salt levels, did not reveal a significant change in Fxr expression levels unless serum bile salt levels were highly increased by bile salt feeding [119] .
As a member of a subfamily of putative P-type aminophospholipid translocases, ATP8B1 may have a crucial role in maintaining membrane integrity. Impaired ATP8B1 protein function in PFIC1 disease may affect the composition of the canalicular membrane, which subsequently affects the activity of proteins involved in bile formation, including BSEP protein. It is noteworthy that the polarized human hepatoma cell line HepG2 expresses an aminophospholipid translocase activity in the apical membrane domain [120] ; indeed, ATP8B1 is expressed in HepG2 cells, albeit at a low level (unpublished data, CCP), however, it remains to be established if this translocase activity is ATP8B1-derived. Previously, Ujhazy et al. [102] have shown a relation between ATP8B1 expression and uptake of a fluorescent aminophospholipid analog, NBD-labeled phosphatidylserine (NBD-PS). ATP8B1 was expressed in a mutant CHO-K1 cell line (termed UPS-1) which was impaired in the non-endocytic uptake of NBD-PS analogs [121] . When these cells were incubated with NBD-PS for 10 min at 37 -C, an ATP8B1-dependent increase in intracellular NBD-PS was observed [102] . This may be due to translocation of the NBD-PS from the outer to the inner leaflet of the plasma membrane, which indicates that ATP8B1 indeed has an aminophospholipid translocase activity. However, a more direct demonstration of such an activity would be favorable, as these data do not rule out an indirect effect of ATP8B1 overexpression on NBD-PS uptake. For instance, ATP8B1 could activate an endogenous translocase activity, or may directly or indirectly be involved in endocytosis.
Although some type 4 ATPases are associated with lipid metabolism, it remains unclear what molecular mechanisms underlie the above-mentioned inherited diseases. However, recent studies in yeast have shed light on how P-type ATPase-mediated APLT activity relates to cellular processes, including protein trafficking and endocytosis [11, 20, 24, 25] . This will be discussed below.
What can we learn from yeast APLT activities?
The yeast S. cerevisiae expresses 5 members of the type 4 subfamily of ATPases, including Drs2p, Dnf1p, Dnf2p, Dnf3p, and Neo1p (see Fig. 1 ) [1, 4, 20, 122] . All proteins have been implicated, either directly or indirectly, in the translocation of phospholipids and participate in intracellular vesicular-trafficking pathways. Studies in yeast strains defective in single or multiple type 4 ATPases have accumulated a large body of data which implicate these proteins in the biogenesis of transport vesicles and thus the establishment of cellular polarity. Furthermore, these proteins act in distinct or overlapping pathways (see Fig. 2 ).
Drs2p shares highest amino acid identity with human class 1-A members (44%), including ATP8A1, and was initially implicated in aminophospholipid translocation in the plasma membrane of yeast cells [11] . Later studies, however, demonstrated that the protein and translocase activity predominantly localized to the trans-Golgi network (TGN) rather than to the plasma membrane [10,54 -56,122,123] . Using a Drs2p mutant strain (Ddrs2) expressing a temperature-sensitive Drs2p (Ddrs2 ts ) or a wild-type Drs2p (Ddrs2 WT ), Natarajan et al. [55] have elegantly shown that Drs2p specifically translocates fluorescently (NBD)-labeled PS from the luminal to the cytosolic leaflet of TGN membranes; translocation was head-group specific as no translocation of NBD-PC or -PE was observed. It should be emphasized that the Ddrs2 ts and Ddrs2 WT strains were also mutated for all 3 Dnf proteins in order to eliminate redundancy in overlapping pathways (see below; Fig. 2 ). Drs2p is important in the formation of exocytic, clathrincoated transport vesicles at the TGN; Ddrs2 cells and Ddrs2 cells expressing ATPase-deficient Drs2p have reduced amounts of vesicles compared to cells expressing the wild-type protein [122 -124] . Furthermore, Drs2p is involved in the TGN-to-vacuole transport of alkaline phosphatase. Using yeast mutants defective in PS synthesis (Dcho1), it was demonstrated that translocation of PS is not specifically required for proper Drs2p function: Dcho1 cells did not resemble the phenotype of Ddrs2 cells with regard to the formation of exocytic transport vesicles. Recently, it has been suggested that Drs2p cycles between the TGN, late endosomes, and the plasma membrane and is involved in the trafficking of Dnf1p, a plasma membrane APLT (see below and [125] ); in Ddrs2 cells, the localization of Dnf1p was in cytoplasmic punctate structures rather than in the plasma membrane. This observation may explain the initial finding by Tang et al. [11] who reported an impaired plasma membrane APLT activity in Ddrs2 cells while Drs2p is primarily localized within the cell. The absence of plasma membrane APLT activity would then be caused by impaired Drs2p-mediated targeting of Dnf1p. Ddrs2 cells accumulate membranous, Golgi-derived structures called Berkeley bodies, which show remarkable structural similarity to autophagosomes [122, 123, 126, 127] . The phenotype of Ddrs2 cells became more severe when Dnf1p was mutated as well (Ddrs2Ddnf1); while in Ddrs2 cells, alkaline phosphatase predominantly localized to the vacuolar membrane, Ddrs2Ddnf1 cells displayed a strongly reduced vacuolar staining for alkaline phosphatase, suggesting a major defect in the TGN-to-vacuole pathway [122] . Also, cell growth was severely impaired and the amount of Berkeley bodies was dramatically increased in Ddrs2Ddnf1 cells, suggesting a more severe defect in protein trafficking in these cells. These phenotypes were not observed in Ddnf1 single mutant, nor in Ddnf1Ddnf2Ddnf3 triple mutant cells, suggesting that Drs2p and Dnf1p act in overlapping pathways in which Dnf1p plays a minor, but additive role [122] .
Dnf1p and Dnf2p share highest amino acid sequence identity with human class 1-A (e.g., ATP8A1) and class 1-A (e.g., ATP8B1) type 4 ATPases (36 -38%). Both proteins predominantly localize to the plasma membrane, appearing as punctate structures with a concentration at sites of polarized growth (i.e., buds, emerging bud sites and the mother -daughter neck of dividing cells [10, 122, 125 ] (see Fig. 2 ). In addition, some punctate cytoplasmic staining has been described for both Dnf1p and Dnf2p, possibly representing endocytic and/or exocytic structures, an observation which indicates that both proteins cycle between the plasma membrane and endomembrane systems [10, 122, 125] . Pomorski et al. [10] have shown that Ddnf1Ddnf2 double mutant cells display a similar growth phenotype as Ddrs2 cells, i.e., reduced growth at temperatures below 20 -C, again emphasizing redundancy for these yeast type 4 ATPases. In addition, Ddnf1Ddnf2 cells are impaired in the ATP-dependent, non-endocytic uptake of NBD-labeled glycerolipid analogs, including NBD-PE, NBD-PC, and NBD-PS; translocation of NBD-labeled sphingoid-based lipids, including sphingomyelin (NBD-SM), was not impaired in these double mutants, which indicates that the translocation defect is specific for glycerophospholipids [10] . Importantly, the authors have demonstrated that, besides a defect in NBD-labeled PE uptake, Ddnf1Ddnf2 cells display a 2-fold increase in endogenous PE in the outer leaflet of the plasma membrane; PE exposure was even more pronounced in Ddnf1Ddnf2Ddrs2 triple mutant cells, in which also low levels of endogenous PS were detected in the outer leaflet of the plasma membrane. Finally, the authors have shown that Ddnf1Ddnf2Ddrs2 cells have a defect in the initiation step of both fluid-phase and receptor-mediated endocytosis. These observations strongly suggest that Dnf1p, Dnf2p, and Drs2p participate in overlapping pathways and have a role in the translocation of endogenous glycerophospholipids. Furthermore, these data link APLT activities with the endocytic pathway.
Dnf3p shares 30-36% amino acid identity with all human type 4 ATPases, and has overlapping localization profiles with Drs2p, i.e., in the TGN and endosomal compartments [10, 122] . Using a green fluorescent protein-tagged v-snare protein (GFP-Snc1p), Hua et al. [122] have shown that Ddnf1Ddnf2Ddnf3 triple mutant cells are impaired in the recycling of proteins in the endosome-to-TGN-to-plasma membrane loop. Besides Dnf3p, both Dnf1p and Dnf2p may also cycle in this pathway as these proteins have been localized to the plasma membrane and in intracellular vesicles. Milder protein-trafficking defects were observed in Ddnf1Ddnf2, Ddnf1Ddnf3, and in Ddrs2 cells, implicating these proteins in distinct trafficking pathways. Because Ddrs2 cells have a defect in the biogenesis of exocytic transport vesicles, it is not clear whether these cells also have a problem with the retrograde transport from endosome-to-TGN [122] . At this moment, it is not clear what the relative contribution is of all these proteins in the different trafficking pathways.
Finally, Neo1p, which shares highest amino acid identity with human class 2 type 4 ATPases (49%), is the only yeast type 4 ATPase essential for cell growth [128] . Neo1p has been localized to early and late endosomal compartments, and to a lesser extent to the TGN [10, 129] . Studies in Dneo1 cells expressing temperature-sensitive-or N-terminallytagged (functional) Neo1p have indicated a role for Neo1p in fluid-phase-and receptor-mediated endocytosis, vacuole biogenesis, and in vacuolar protein sorting [129] . In another report, Neo1p has been implicated in retrograde vesicular transport between cis-Golgi and endoplasmic reticulum, however, the C-terminally-tagged Neo1p used in this study turned out to be non-functional [130] . Analogous to Ddrs2 and Ddrs2Ddnf1 cells, Dneo1 cells also accumulated abnormal Golgi-and/or endosomal-derived membranous structures in the cytoplasm which morphologically resemble Berkeley bodies [129, 130] . As for the other type 4 ATPases, these data suggest a role for Neo1p in vesicular protein trafficking, albeit within the endosomal/TGN system [129] .
Molecular interactions of yeast type 4 ATPases

ADP-ribosylation factors and guanine nucleotide exchange factors
Additional evidence for a role in membrane-trafficking events comes from studies which describe molecular interactions of type 4 members with proteins important in vesicular trafficking, including ADP-ribosylation factor (ARF). ARFs are small GTPases which are regulated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) (reviewed in [131] ). ARFs are important in the recruitment of COPI and clathrin coat proteins which is an essential process in the initiation of vesicle formation (reviewed in [132] ). COPI-coated vesicles are formed in the Golgi after recruitment of ARF-GDP and subsequent membrane binding of ARF-GTP. COPI vesicles traffic from the Golgi to the endoplasmic reticulum (ER) (and between Golgi cisternae), whereas clathrin-coated vesicles traffic from the TGN to the endosome and plasma membrane, and from the plasma membrane to early endosomes. In yeast, Arf1p is important in the regulation of Golgi and endosome structure and function, and in the secretory pathway [133, 134] . Chen et al. [123] have demonstrated that yeast Arf1p and Drs2p act in a parallel or overlapping, clathrin-involved pathway: where both Darf1 and Ddrs2 cells have normal growth, Darf1Ddrs2 double mutants are lethal. Membrane recruitment of ARF-GDP is mediated by cytoplasmic ARFGEFs. After membrane binding of ARF-GTP, COPI coatomers bind and cargo protein assembly takes place. Recently, it has been demonstrated in yeast that the Arf1GEF Gea2p physically interacts with Drs2p, and that Gea2p localization is slightly affected in Ddrs2 cells, implicating Drs2p as an anchor protein for Gea2p [135] ; furthermore, the authors have shown that Dgea2 cells show morphological defects in the secretory pathway, and are impaired in the initiation of formation of secretory vesicles. Similar interactions have been identified between Neo1p and Ysl2p, a putative GEF for Arl1p (which is an ARF-like GTPase) [129] ; Dysl2 cells are impaired in endocytosis and display a vacuole biogenesis defect [136] ; these phenotypes are suppressed by overexpression of Neo1p, implicating a role for Neo1p and Ysl2p in an overlapping pathway. These data suggest a collaborative role for (intracellular localized) type 4 ATPases, ADP-ribosylation factors (ARFs), and guanine nucleotide exchange factors (GEFs) in the assembly of COPI-and/or clathrin-coated vesicles, a process essential for initiation of intracellular-trafficking events.
The Cdc50p/Lem3p protein family 1
Some of the yeast type 4 ATPases physically interact with members of an evolutionary conserved family of transmembrane proteins, the Cdc50p/Lem3p family 1 [125, 137, 138 ] (see Fig. 3 ). In yeast, this family includes three close homologs, i.e., Lem3p/Ros3p, Cdc50p, and Ynr048wp (recently renamed to Crf1p), which are glycosylated proteins of approximately 60 kDa with two putative transmembrane domains. Lem3p/Ros3p was initially identified in a screen using the Ro09-0198 peptide, an antibiotic which specifically binds to PE [138] . Yeast mutants sensitive to this peptide were mutated in a protein termed Ros3p (Ro-sensitive 3, renamed to Lem3p); green fluorescent protein (GFP)-tagged Lem3p localized to the plasma membrane and the endoplasmic reticulum (ER) [138] . In addition, DLem3 cells were impaired in the ATP-dependent, non-endocytic, uptake of NBD-PE and NBD-PC (but not of NBD-PS) and of alkylphosphocholine drugs [137, 138] . Recently, Saito et al. [125] have demonstrated a physical interaction between Lem3p and Dnf1p, and have shown that Lem3p is required for exit of Dnf1p from the ER. Thus, impairment of NBD-PE and NBD-PC translocation in DLem3 cells may be caused by absence of Dnf1p from the plasma membrane. In the same study, Cdc50p has been shown to interact with Drs2p. Both Dcdc50 and Ddrs2 mutant cells displayed similar phenotypes, including impairment of (polarized) growth, implicating that these proteins interact during the establishment of cell polarity. In analogy with Dnf1p and Lem3p, Drs2p and Cdc50p also localized to the ER in Dcdc50 and Ddrs2, respectively. Furthermore, in endocytosis-mutant cells (Dvrp1) both Drs2p and Cdc50p localized to the plasma membrane. Thus, although Drs2p predominantly localizes to the TGN, these data suggest that Drs2p-Cdc50p interaction is required for release of both proteins from the ER and targeting to the TGN, and that the Drs2p-Cdc50p complex cycles between the TGN and the plasma membrane [125] . Using DLem3 and DLem3Dvrp1 cells, the authors demonstrated an APLT activity for the Drs2p -Cdc50p complex: DLem3 cells, lacking plasma membrane expression of Dnf1p, were impaired in NBD-PE and -PC translocation; DLem3Dvrp1 cells, lacking Dnf1p but expressing Drs2p -Cdc50p complex in the plasma membrane, displayed almost normal NBD-PE (but affected NBD-PC) uptake; interestingly, NBD-PS uptake was dramatically increased in DLem3Dvrp1 cells, suggesting an involvement of Drs2p-Cdc50p complex in the translocation of aminophospholipids [125] . Although these studies have indicated that proteins of the Ccd50p/Lem3p family 1 are important accessory factors necessary for proper targeting and activity of type 4 ATPases, the true biochemical activity and cell biological function of these proteins remains to be determined.
Thus far, three highly conserved, human Cdc50p/Lem3p family 1 homologs have been identified in the databases and literature, TMEM30A, TMEM30B, and TMEM30C (Trans-MEMbrane protein 30A -C, also termed CDC50A -C) Fig. 3 . Phylogenetic analysis of members of the human and yeast Saccharomyces cerevisiae Cdc50p/Lem3p family 1. The figure shows the relationship between the full-length proteins of yeast (3 proteins, in bold) and human (3 proteins, including a putative splice variant). The dendrogram was generated using ClustalW analyses. Chromosomal locations of the human family members are indicated. Database accession numbers: Lem3p (NP _ 014076); Cdc50p (NP _ 010018); Crf1p/YNR048wp (NP _ 014446); TMEM30A (transmembrane protein 30A, also termed CDC50A) (NP _ 060717); TMEM30A SV , possible alternative splice variant of TMEM30A (AAH09006); TMEM30B (transmembrane protein 30B, also termed CDC50B) (XP090844), TMEM30C (transmembrane protein 30C, also termed CDC50C) (no Genbank accession, see [139] ). [139] , and one putative splice-variant, TMEM30A SV (see Fig. 3 ). Like their yeast homologs these proteins are glycosylated¨60 kDa proteins with two putative transmembrane domains and a couple of conserved amino acid stretches. These proteins may physically and functionally interact with human type 4 ATPases, although this remains to be substantiated in future research.
Concluding remarks
The studies in yeast have greatly contributed to our understanding on the biochemical activities and cell biological roles of several type 4 ATPases. Apparently, type 4 ATPases are important in the establishment of cellular polarity. Functional cellular polarity is essential for proper cell function and is accomplished by intracellular-trafficking events, including exo-, endo-, and transcytosis. Yeast type 4 ATPases are involved in the generation of transport vesicles, and thus are essential in intracellular vesicular and protein trafficking. How these proteins participate in the formation of transport vesicles is still not clear. One explanation may be a role in the translocation of glycerophospholipids in general or aminophospholipids in particular, introducing bilayer imbalance and subsequent membrane curvature which is necessary for vesicle budding and fusion [29, 50, 52] . Alternatively, these proteins may generate a lipid environment suitable for the anchoring of proteins involved in the initiation of coated-vesicle formation, e.g., ARF GTPases [132] . Evidently, both mechanisms may operate through the same translocation activity.
It is also evident that yeast type 4 ATPases do not act by themselves but rather in a complex. Accessory proteins involved in regulation of trafficking and activity have been described for the Na + /K + -ATPase; this protein consists of three subunits, a catalytic a-subunit, a 40-to 60-kDa h-subunit involved in maturation and membrane trafficking, and a small g-subunit (member of the FXYD protein family) which modulates the activity of the protein [8, 140, 141] . Indeed, members of the Cdc50p/Lem3p family 1 may be potential h-subunits involved in proper targeting of type 4 ATPases. In addition, other yet to be identified proteins may be involved in the regulation of subcellular expression and activity of type 4 ATPases, e.g., members of the FXYD protein family (reviewed in [140] ).
Members of the type 4 subfamily of P-type ATPases are essential in regulating cellular homeostasis, which is underscored by the severity of phenotypes associated with inherited diseases like Byler disease. If one extrapolates the biochemical activities and pathways in which yeast type 4 ATPases participate, type 4-associated human diseases may be caused by defects in bilayer lipid asymmetry, which affects the activities of membrane-associated proteins. As for Byler disease, this may implicate that, due to absence of ATP8B1 and subsequent impaired canalicular membrane asymmetry, the activity of the major bile salt transporter is affected. Alternatively, there may be defects in membraneand protein-trafficking pathways. Especially in epithelial cells, including hepatocytes and enterocytes, these pathways are essential, as the liver and the intestine are involved in major transcytotic events facilitating uptake, excretion, and/ or recycling of numerous substrates. Disturbances in this functional cellular polarity indeed may be the cause of severe and complex human inherited diseases. However, how type 4 ATPases relate to this remains to be elucidated. Study of these proteins is a challenge and will provide further fundamental cell biological insight with regard to membrane dynamics and protein trafficking. In addition, it will help to elucidate the molecular mechanism which underlie severe inherited human diseases such as Byler disease.
